Ndue Kanari, I. Gaballah, Eric Allain. Kinetics of oxychlorination of chromite: Part II. Effect of reactive gases. Thermochimica Acta, Elsevier, 2001, 371 (1-2) The effects of Cl 2 /O 2 ratio, P (Cl 2 +O 2 ), P Cl 2 , and P O 2 on the oxychlorination rate of the chromite mineral were determined at 750 °C and 1000 °C using isothermal TGA measurements.
I. INTRODUCTION
In Part I [1] of this series, experimental results concerning the effect of temperature on the oxychlorination of chromite between 600 °C and 1050 °C have been reported. It was observed that the temperature effect changed with the progress of the reaction, temperature interval studied and to some extent with the Cl 2 /O 2 ratio in the oxychlorinating gas mixture.
Reactions of two main chromite constituents (FeCr 2 O 4 and MgCr 2 O 4 ) with chlorine could be represented by Eqs. [1] and [2] indicating that chromium oxychloride is the bearing chromium product. However, it was observed previously [2] that chromium trichloride (CrCl 3 ) was generated besides chromium oxychloride when the chromite was treated in chlorine in absence of oxygen.
This may be explained by the removal, preferentially, step-by-step of the simple constituents of the chromite (Fe, Cr and Mg oxides). The oxychlorination of chromium (III) oxide is given by Eq. [3] , and, as could be expected, the presence of oxygen is necessary to lead to the chromium oxychloride (CrO 2 Cl 2 )
formation. The chlorination of iron and magnesium oxides producing their respective chlorides (Eq.
[4] and [5] ) releases some oxygen and consequently low oxygen partial pressures are required to ameliorate the chlorination of these oxides.
However, these hypotheses are only a simple theoretical approach. In order to explain how the composition of the reactive gases (Cl 2 +O 2 ) affects the oxychlorination of chromite, the effects of Cl 2 /O 2 ratio, P (Cl 2 +O 2 ), P Cl 2 and P O 2 on the reaction rate at different temperatures and at different reaction extents of the chromite oxychlorination were investigated. Results were compared with those obtained previously for Cr 2 O 3 [3] , MgO [4] , and Fe 2 O 3 [5] oxychlorination. [5] The purpose of this study is to determine the adequate partial pressures of the reactive gases and temperature to remove selectively iron oxides and to prevent the chlorination of chromium. With this approach, the treated chromite was be characterized by a high chromium-toiron ratio, consequently, it will be befitting for the ferro-chromium production.
The materials used and the experimental procedures are those described in Part I [1] . The effects of the mentioned above parameters were studied by using the oxychlorination gaseous mixtures with the optimal linear velocity (V g ) equal to 49.6 cm/min and the experimental tests were carried out using TGA measurements under isothermal conditions. Boat experiments were performed to oxychlorinate by Cl 2 +air gaseous mixture a chromite concentrate between 600 °C and 1000 °C. The evolution of Cr/Fe ratio of the treated concentrate was determined by classical chemical analysis.
II. RESULTS AND DISCUSSION

A. TGA Studies of the Gas Composition on the Oxychlorination of the Chromite Mineral
As mentioned previously [1] , two kinetics regions were distinguished for the oxychlorination (Cl 2 +O 2 ) of chromite for the reaction extents 'X' (ratio of weight of the reacted fraction to initial weight) up to 0.35 and this change was observed at about 825 °C. On the other hand, the oxychlorination of chromite for the reaction extents higher than 0.35 was characterized by a slowly reaction rate at temperatures lower than 900 °C. For these raisons, the effects of the gas composition on the reaction rates of the chromite with Cl 2 +O 2 were studied at 750 °C and 1000 °C.
1. Study at 750 °C 1.1. Effect of Cl 2 /(Cl 2 +O 2 ) ratio A series of isothermal tests was conducted with Cl 2 +O 2 gas mixtures and the chlorine content in the gas mixture was varied from 0 to 100 pct. As could be expected, non reaction of oxygen with chromite was observed. The isothermal data for the oxychlorination of chromite with Cl 2 +O 2 containing 40 to 100 pct chlorine and for X ≤ 0.30 are given in Figure 1 (a). As shown by this figure, the time required to reach a given percent weight loss (PWL) of the sample decreases with the increase of the chlorine content in the Cl 2 +O 2 . Figure 1 (b) traces the evolution of the average reaction rate as a function of the Cl 2 /(Cl 2 +O 2 ) molar ratio for X ≤ 0.25. Clearly, the reaction rate increased with the Cl 2 /(Cl 2 +O 2 ) ratio. However, this increase in the reaction rate was less dependent on Cl 2 /(Cl 2 +O 2 ) ratio for the reaction extents higher than 0.20 [2] . Dependency of the reaction rate of the Cr 2 O 3 [3] and Fe 2 O 3 [5] oxychlorination from Cl 2 /(Cl 2 +O 2 ) molar ratio is illustrated in Figure 2 . [1] seem indicate that the overall reaction rate of the chromite oxychlorination at lower temperatures depends essentially on the oxychlorination of iron oxides contained in the chromite. Figure 3 (a) as evolution of the PWL versus time. The reaction rate rises with chlorine content in the oxychlorinating gas. Comparable behavior was acquired for the oxychlorination of MgO.
Effect of Cl 2 +O 2 partial pressure
The experimental procedure to study the effect of Cl 2 +O 2 partial pressure on the oxychlorination of chromite at 1000 °C was the same one applied for the study at 750 °C. Results obtained were given in Figure 8 
Effect of Cl 2 and O 2 partial pressures
Tests to determine the effect of C l 2 on the oxychlorination rate of chromite were performed with Cl 2 +O 2 +N 2 at constant partial pressure (0.33 atm) of oxygen when the total gas velocity was kept constant at 49.6 cm/min. Plots of the experimental data are given in [1] .
The following observations could be deduced from the data of Table II : a. the apparent reaction order with respect to O 2 for the oxychlorination of chromite at X ≤ 0.1 has a negative value (-0.24). Similarly, negative effect was observed for the These roughly similarities between the kinetics parameters of the chromite oxychlorination and those of its simple oxides may suggest the hypothesis that the overall reaction rate of the chromite with Cl 2 +O 2 is controlled by the slowest step of the oxychlorination of the chromite constituents.
The effects of the gas composition on the oxychlorination rate of iron chromite (first stage of the chromite oxychlorination, i. e., X ≤ 0.25) at 750 °C and 1000 °C were compared in Figure   11 . This figure gives some advisability data for the the partial pressures range of the reactive gases and temperature in order to obtain a desired reaction extent of the iron chromite oxychlorination.
One may stress that the first stage of the oxychlorination of chromite takes place at an appreciable rate even at 750 °C.
While the oxychlorination rate of the chromite with Cl 2 +O 2 for X ≥ 0.35 is slow regardless the partial pressure of the reactive gases and the temperature [1] within whole chosen intervals for this study. Consequently, the recovery of chromium from magnesium chromite (MgCr 2 O 4 ) seems to be difficult by using oxychlorination at temperatures near to 1000 °C. A possibility to achieve the full chlorination of chromite wit a high reaction rate will be the chlorination in the presence of a reducing atmosphere such as carbon monoxide [6] . A comparison of the reaction rates of the chromite reaction with Cl 2 +O 2 , Cl 2 , and Cl 2 +CO (0.4 ≤ X ≤ 0.5) for X comprised between 0.4 and 0.5 is given in Figure 12 . The reaction rate of the magnesium chromite chlorination with Cl 2 +CO is too much higher that of the chlorination with Cl 2 +O 2 and/or Cl 2 . For example, at 950 °C, the reaction rate of the chromite carbochlorination is more than 500 and 90 times higher than that of the oxychlorination and chlorination, respectively. However, the carbochlorination at temperature approaching 1000 °C could be used for the full removal of the chromite elements (Cr, Fe, Mg, Al, Si) recovered as respective chlorides. Oxychlorination seems to be more selective than carbochlorination thanks to large difference in the reactivity of chromite constituents towards chlorine in presence of oxygen [1, 2] . This selectivity was used for the preferential removal of iron from a chromite concentrate. The experimental results are represented in the following section.
B. Oxychlorination of the Chromite Concentrate using Boat Experiments
The aforementioned results concerning the oxychlorination of the chromite indicated that only iron chromite (FeCr 2 O 4 ) could react with the Cl 2 +O 2 at a relatively fast reaction rate for the temperature lower or equal to 1000 °C. In order to investigate the possibility of preferentially removal of iron oxides from the chromite ores and/or concentrates a series of boat experiments using several grams of sample was performed between 600 °C and 1000 °C. The used sample was a chromite concentrate containing about 80 pct chromite and 20 pct gangue. The physico-chemical characteristics of this chromite concentrate were described in details early [6] . A gas mixture composed of Cl 2 +air (Cl 2 /air = 1) was used for the oxychlorination and the reaction time was fixed at 2 hours. The exhausted gases were successively cooled to room temperature and to -35 °C.
Figure 13 (a) traces the evolution of the PWL of the sample as a function of temperature.
As could be expected, the PWL increases with the temperature and about 25 pct of the sample have reacted at 1000 °C. The iron and chromium contents of the obtained residues were determined by chemical analysis and the results are grouped in Figure 13 (b) and Table III . The extraction rate of iron is higher than that of chromium for all the explored temperature range. About 90 and 25 pct for iron and chromium, respectively, are extracted at 1000 °C. As shown by Table III , the Cr/Fe ratio of the treated concentrate increases with the treatment temperature from 3.9 at 700 °C to 19.8 at 1000°C
. These results suggest that the oxychlorination of chromite at about 800 °C will lead to a residue with a high chromium-to-iron ratio and the chromium extraction didn't exceed 15 pct.
Residues and condensates were analyzed by scanning electron microscopy (SEM) and Xray diffraction (XRD). Chromium remained main element of all residues, while iron become minor element at high treatment temperature. As mentioned previously [1] , it was difficult to follow the evolution of the residue by XRD analysis due to similar structure of the chromite spinels. given previously for the CrO 2 Cl 2 [3, 8] . The absence of chromium in the solid condensates obtained at 25 °C is explained by the fact that melting and boiling points of CrO 2 Cl 2 are -96.5 and 117 °C [7] , respectively. These results show that it is possible to use the oxychlorination for the increase of Cr/Fe ratio of the chromite concentrates and to recover the extracted chromium as chromium oxychloride. Oxychlorination of poor chromite concentrates and/or ores at moderate temperatures could be used for their upgrading. Iron is advantageously removed while the chromium had reacted partially and it was recovered as CrO 2 Cl 2 . 
III. CONCLUSIONS
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